I. INTRODUCTION
T HE development of Cu(In,Ga)Se 2 (CIGS) thin-film solar cells on flexible substrates shows high potential for reducing production costs by roll-to-roll manufacturing. On stainless steel (SS) foils, where substrate temperatures of up to 650
• C can be applied, best cell efficiencies of 17.5% have previously been reported [1] . However, it is known that impurity diffusion (mainly iron) from the steel foil into the CIGS leads to a degradation of the solar cell performance [2] , [3] . Therefore, an impurity diffusion barrier is conventionally used to ensure negligible impurity concentrations in the absorber layer [2] , [4] . The Swiss Federal Laboratories for Material Science and Technology, Dübendorf, Switzerland, has developed a low-temperature The authors are with the Laboratory for Thin Films and Photovoltaics, Swiss Federal Laboratories for Materials Science and Technology, 8600 Dübendorf, Switzerland (e-mail: patrick.bloesch@empa.ch; adrian.chirila@ empa.ch; fabian.pianezzi@empa.ch; sieghard.seyrling@empa.ch; peggy. rossbach@empa.ch; stephan.buecheler@empa.ch; shiro.nishiwaki@empa.ch; ayodhya.tiwari@empa.ch).
Digital Object Identifier 10.1109/JPHOTOV.2011.2166589 CIGS process for polyimide foils [5] , [6] achieving cell efficiencies of 18.7% [7] . As the impurity diffusion rate decreases with the substrate temperature [8] , a low-temperature CIGS process applied on SS substrates has the potential to reduce impurity diffusion into CIGS sufficiently to omit expensive diffusion barrier layers. In this study, different back-contact designs were tested for solar cells on SS substrates, where both a low (∼475
• C) and high (∼600
• C) substrate temperature CIGS process was used.
II. EXPERIMENTAL DETAILS
An overview of different back-contact designs (A1-A3) is shown in Fig. 1 . For each experiment, a reference was processed (RefA1-RefA3), where all subsequent process steps, starting from the CIGS deposition, were performed simultaneously.
A. Solar Cell Processing
The SS substrates (type: AISI 430) had a thickness of 50 μm, where an average roughness of ∼36 nm was measured by atomic force microscopy. The foils were cleaned in an ultrasonic bath, starting with a soap solution followed by a weak acetic acid and two deionized water baths. Finally, the samples were dried with a nitrogen gun and mounted on the substrate holder. The back-contact layer deposition was performed by an inline dc magnetron-sputtering system (further described in [9] ), where the samples pass the deposition zone only one time for each layer.
Prior to the deposition process, the substrates were plasmatreated for 10 min using a radio frequency (RF) bias of 80 W. + bombardment of the substrate surface during the deposition process leads to a very dense and adhesive Ti layer with smooth topology. For samples of A2 and A3 types, the adhesion layer process was followed by an impurity diffusion barrier layer of Si 3 N 4 and TiN, which were sputtered reactively in an Ar/N 2 gas mixture at elevated substrate temperatures. The molybdenum layers were sputtered using two different processes: Mo A and Mo B . The Mo A process was sputtered at high and Mo B at low particle energies leading to different properties of the deposited films in terms of density, topology, conductivity, and residual stress (results not shown). The sputtering process parameters are summarized in Table I .
The ∼2-μm-thick CIGS absorber layer was deposited by coevaporation of the constituent elements using a three-stage process performed at low (∼475
• C) and high (∼600 • C) nominal substrate temperatures, respectively (for more details, see the substrate-heater power profiles in Fig. 6 ). These temperatures were measured by a thermocouple on the backside of the substrate; therefore, we estimate that the real temperature is about 50
• C lower. To provide the Na necessary for highest cell efficiency [10] , [11] , an NaF postdeposition treatment (PDT) was applied. In order to complete the solar cell, a CdS buffer was deposited by chemical bath deposition followed by an RF sputtered ZnO/ZnO:Al front contact with an electron-beam evaporated Ni/Al grid on top.
B. Characterization Methods
The sheet resistance of the back contact on glass substrate was measured by four-point probe technique using an SD-600 from Nagy Instruments. The film thickness was measured with a profilometer (Ambios XP-1). A field emission scanning electron microscope (Hitachi S-4800) was used for the cross-section images. Depth profiles were performed by time-of-flight secondary ion mass spectroscopy (ToF-SIMS), where Bi + was used as the primary ion for the analysis (25 kV, 1 pA, 100 × 100 μm 2 ) and O + 2 for the depth profile (1 kV, 258 nA, 300 × 300 μm 2 ). Between each analysis cycle, the sample was sputtered for 2 s. From ToF-SIMS data, the iron content in the CIGS layer was calculated, where the intensity of the 56 Fe signal was integrated over the CIGS layer thickness. Further, the 56 Fe intensity was normalized to the intensity of the 65 Cu signal to reduce the mea- surement error while comparing different samples. However, it was not possible to get the exact concentration of iron in the CIGS due to lack of a standard necessary for the calibration of the ToF-SIMS device. The crystal and phase analysis was performed by X-ray diffraction (XRD, Siemens D5000), where the X-ray radiator (CuKα1) was operated at 40 mA and 40 kV. The photovoltaic characterization of the solar cells was performed by current density to voltage (J-V), external quantum efficiency (EQE), and capacitance to voltage (C-V) measurements. For the C-V characterization, an operation frequency of 300 kHz at a temperature of ∼124 K was used.
III. RESULTS AND DISCUSSION

A. Structural Properties
The microstructure of back-contact design A2 and A3 was investigated by SEM cross-section images shown in Fig. 2 . The stack with Si 3 N 4 (A2, left) shows a dense and amorphous microstructure, which is fundamentally different from the polycrystalline columnar microstructure of TiN (A3, right). The lack of grain boundaries in the Si 3 N 4 layer promises an efficient impurity diffusion barrier. However, Si 3 N 4 is an insulating material and cannot be used as an electrical back contact, whereas for TiN, a resistivity of ∼50 μΩ·cm was measured on a glass substrate. The microstructure of TiN indicates high material density and builds a continuous interface to the following Mo A layer. The curve shape of the columnar grains is a consequence of the inline deposition process (single pass) used for each individual layer of the back-contact stack.
The microstructure of the CIGS layer deposited at low (left) and high (right) temperature is shown in Fig. 3 . The grain size of the high-temperature CIGS is on the order of its layer thickness (∼2 μm), resulting in a smooth topology. The microstructure of the low-temperature CIGS shows not only significant smaller grain sizes but a more disordered structure near the interfaces to both back contact and CdS buffer layer as well. The difference in grain size can be explained by the different process kinetics for the two CIGS processes, where the higher temperature leads to a significant increase in elemental interdiffusion during the CIGS growth forming large crystalline units. Furthermore, the low-temperature three-stage CIGS process results in a stronger In-Ga grading profile in the absorber layer, which was confirmed by XRD measurements shown in Fig. 4 . The XRD peaks of the high-temperature CIGS are distinct, whereas those of the low-temperature CIGS comprise of a superposition of multiple CIGS peaks. The multiple peaks indicate a compositional InGa grading profile in the CIGS layer because the peak position depends on the In and Ga content in the CIGS compound [12] . In the XRD pattern of A3, it is observed that the Mo (1 1 0) peak intensity is strongly enhanced, and the CIGS (1 1 2) peak shows a lower intensity compared with the other CIGS peaks. It is assumed that the increase in intensity of the Mo (1 1 0) peak is due to the underlying TiN, which influences the microstructure of the following Mo A layer (see Fig. 2 ). However, for contact A2, no significant change in the XRD pattern compared with RefA was found.
B. Solar Cell Properties
The solar cell characterization was done for each sample (A1-A3) and its corresponding reference (RefA1-RefA3). To reduce the error from run-to-run variations, the difference of the average efficiency, fill factor, open-circuit voltage V oc , and short-circuit current density J sc to the average values of the corresponding references (ΔAX − ΔRefAX, AX = A1 to A3) was calculated (see Fig. 5 ). The average efficiency for solar cells with RefA contacts at low-CIGS process temperature is 14.2% ± 0.8% and for RefA at high temperature 14.4% ± 0.2% (the calculation was performed from one sample averaging 12 cells with best fill factor). The comparable solar cell performance obtained for lowand high-deposition temperatures is unexpected. An explanation for the overall moderate performance of the high-temperature grown CIGS solar cells, which show significant larger grain sizes (see Fig. 3 ), could be a nonoptimum Ga grading profile and, moreover, a not fully optimized NaF PDT (Na concentration) for the high-temperature process.
For both the low-and high-temperature CIGS process, contacts A2 and A3 did not lead to any improvement in performance compared with their reference. Therefore, it can be concluded that the design of the reference contact (RefA) acts sufficiently as an impurity diffusion barrier. The small variations in V oc and J sc observed for contact A3 (see Fig. 5 ), where the J sc is larger and the V oc is smaller as compared with RefA3, might be explained Fig. 6 . Power applied to the temperature-controlled substrate heater during the low-(left) and high-(right) temperature CIGS process. A shift in power is observed between sample A2 (RefA2) and A3 (RefA3) for both temperatures. Fig. 7 . Iron concentration in CIGS (deposited with high-(I, II) and low-(III, IV) temperature process) measured by ToF-SIMS. For samples II, the iron concentration was ∼12 times higher compared with its reference I. However, the iron content was similar for contact (IV, iron-free substrate) and (III), which corresponds to the detection limit of the ToF-SIMS device.
by a different effective substrate temperature. Fig. 6 shows the power of the substrate heater recorded during the CIGS process and controlled by the temperature measured on the backside of the substrate. For both, the high-and low-temperature CIGS process, more power was necessary to reach the given temperature in the case of A2 compared with A3. This indicates that A2 has a higher effective substrate temperature. It is assumed that the lower power used for A3 is a consequence of the higher heat emissivity induced by the TiN layer, which leads to a higher temperature measured at the backside of the substrate. Thus, the reference sample, which was processed in the same CIGS run, had a slightly higher deposition temperature, and therefore, a different In-Ga grading profile leading to the small difference in V oc and J sc . However, for contact A1 (thin Mo layer), a significant decrease in PV performance was measured, which is more pronounced at 600
• C. This loss in efficiency is most likely caused by iron impurities diffused from the steel substrate into the CIGS absorber.
To verify this assumption, the iron concentration inside the CIGS layer was measured with ToF-SIMS (see Fig. 7 ). Four different CIGS samples were investigated: I (RefA1 600 • C ), II (A1 600 • C ), and a reference sample III with low-temperature CIGS process. Additionally, sample IV processed on an iron-free substrate (polyimide) was analyzed. For the high- temperature samples (I and II), a clear iron signal was measured, where A1 600 • C showed about 12 times higher iron content in the CIGS compared with RefA1 600 • C . Thus, the thin Ti/Mo A bilayer did not act sufficiently as a diffusion barrier against iron. The strongly increased iron concentration in the CIGS absorber of A1 600 • C could explain the significant decrease in efficiency compared with RegA1 600 • C . This loss in performance from a single cell is shown in Fig. 8(b) , where a strong degradation of fill factor, V oc , and J sc leads to an absolute decrease in efficiency of 4.4%. The assumption that the degradation is caused by iron impurities creating defects in the CIGS absorber is further supported by results from C-V measurements [see Fig. 8(a) ]. The samples RefA1 600 • C and A1 600 • C show a decrease in the carrier density in CIGS (minima of doping profile) from 4 × 10 15 cm −3 to 1 × 10 15 cm −3 . The CIGS process of RefA1 600 • C and A1 600 • C was performed simultaneously; therefore, the composition is identical. The loss in carrier concentration, therefore, indicates enhanced carrier recombination at defects (mainly from iron impurities), which contributes to the decrease in solar cell performance.
For the low-temperature samples (III and IV; see Fig. 7 ), no significant difference of the iron contents in the CIGS layer is found. This indicates that the iron concentration in sample III is below the detection limit of the ToF-SIMS device, where the iron signal of sample IV represents the noise of the measurement system. On the other hand, the higher iron concentration measured for reference sample I compared with sample III can be explained by the strong temperature dependence of the diffusion process, where the diffusion rate increases with the temperature [8] . However, it was found that the larger iron concentration in the CIGS on RefA1 600 • C is not detrimental for the solar cell performance, as no decrease in efficiency is measured when compared with the samples with additional thick Si 3 N 4 (A2 600 • C ) and TiN (A3 600 • C ) impurity diffusion barrier layer (see Fig. 5 ). Therefore, it can be concluded that the Ti/Mo/Mo back-contact stack acts sufficiently as a diffusion barrier against iron for both low-and high-temperature CIGS process.
C. Best Cell Results
Solar cells on the RefA back-contact stack were reproduced with a modified low-temperature CIGS deposition process. Fig. 9 presents the best cell result of 17.3% efficiency (certified by Fraunhofer ISE) that was achieved over the course of this investigation. For this cell, an antireflective coating was used. This result supports the high potential for low-temperature CIGS processes on SS substrates, especially because no additional nitride or oxide impurity diffusion barrier is needed.
IV. CONCLUSION
It was shown that a Ti/Mo/Mo triple layer back contact acts sufficiently against iron diffusion into the absorber for both low-and high-temperature CIGS processed on SS substrates. However, a loss in efficiency (J-V) was measured when thin Ti/Mo back-contact bilayers were used. This decrease in efficiency indicates an increase in carrier recombination due to enhanced iron diffusion into the CIGS absorber, which is in good agreement with the decrease in carrier density measured by C-V at ∼124 K. The impurity diffusion barrier layers were analyzed by SEM cross-section imaging, where Si 3 N 4 showed an amorphous and TiN a polycrystalline columnar microstructure. Furthermore, the columnar grain growth of TiN is adopted by the following Mo layer, which shows a continuous interface of the microstructure. XRD measurements confirmed that for the low-temperature CIGS process, the In-Ga grading is more pronounced compared with the high-temperature process. ToF-SIMS measurements could not detect iron in the CIGS processed at low deposition temperature on a Ti/Mo/Mo triple layer back contact, which indicates a low iron concentration in the absorber. However, for high-temperature grown CIGS on thin Ti/Mo contacts, the iron concentration in the CIGS absorber increased by a factor of 12 compared with CIGS processed on the Ti/Mo/Mo reference back contact.
With a low-temperature CIGS process followed by an NaF PDT, best conversion efficiency of 17.3%, certified by Fraunhofer ISE, was achieved on SS foils with Ti/Mo/Mo multilayer back-contact stack without using additional oxide or nitride impurity diffusion barrier layer. 
